Despite its key role in mediating a plethora of cellular signaling cascades pertinent to health and disease, little is known about the structural landscape of the proline-rich (PR) domain of Sos1 guanine nucleotide exchange factor. Herein, using a battery of biophysical tools, we provide evidence that the PR domain of Sos1 is structurally disordered and adopts an extended random coil-like conformation in solution. Of particular interest is the observation that while chemical denaturation of PR domain results in the formation of a significant amount of polyproline II (PPII) helices, it has little or negligible effect on its overall size as measured by its hydrodynamic radius. Our data also show that the PR domain displays a highly dynamic conformational basin in agreement with the knowledge that the intrinsically unstructured proteins rapidly interconvert between an ensemble of conformations. Collectively, our study provides new insights into the conformational equilibrium of a key signaling molecule with important consequences on its physiological function.
Introduction
Sos1 guanine nucleotide exchange factor, comprised of the HF-DH-PH-REM-Cdc25-PR signaling cassette (Fig. 1a) , activates Ras and Rac GTPases that relay external signals from receptor tyrosine kinases (RTKs) such as EGFR at the cell surface to downstream effectors such as transcription factors within the nucleus [1] [2] [3] [4] [5] [6] [7] . Notably, both Ras and Rac are tethered to the inner membrane surface via prenylation and act as molecular switches by virtue of their ability to cycle between active GTP-bound and inactive GDP-bound states. How does Sos1 activate Ras and Rac?
In the cytoplasm of quiescent cells, Sos1 exists in two functional pools in complex with Grb2 and Abi1 signaling adaptors-this association is mediated via the binding of the proline-rich (PR) domain of Sos1 to SH3 domains within Grb2 and Abi1. Upon stimulation of RTKs with growth factors and hormones, the Sos1-Grb2 complex becomes recruited to the inner membrane surface from the cytoplasm in a phosphotyrosine-dependent manner. Such translocation facilitates the Cdc25 domain of Sos1 to trigger GTP-GDP exchange within Ras and, in so doing, switches on a key signaling circuit that involves the activation of downstream MAP kinase cascade central to cellular growth and proliferation [8, 9] . On the other hand, Sos1-Abi1 complex is recruited to actin filaments found within membrane ruffles in an Eps8-dependent manner. Given that Rac preferentially localizes to the confined areas of membrane ruffles, the recruitment of Sos1-Abi complex to the actin cytoskeleton network aids the DH domain of Sos1 to catalyze GTP-GDP exchange within Rac and, in so doing, plays a key role in actin remodeling central to cell invasion and migration [10, 11] .
Interestingly, Sos1 can also be recruited to the inner membrane surface via the binding of its PH domain to phosphatidic acid, a component of phospholipids, in response to RTK stimulation with growth factors and hormones [12] . Accordingly, recruitment of Sos1 to the inner membrane surface in a PH-dependent manner provides an alternative route for the activation of Ras. However, unlike the dispensability of Sos1-Grb2 complex for the activation of Ras, the Sos1-Abi1 complex is believed to be absolutely required for the activation of Rac. Importantly, the HF and REM domains within Sos1 play a regulatory role and fine tune the activity of Sos1 [13, 14] . Briefly, the binding of Ras-GTP to REM domain serves as an allosteric switch to further stimulate the catalytic activity of Cdc25 domain. In contrast, the HF domain-comprised of a tandem copy of histone folds-associates in an intramolecular manner with the PH domain and, in so doing, down-regulates the PH-dependent activation of Ras.
In an attempt to understand the physical basis of how Sos1 activates Ras and Rac GTPases, the crystal structure of a Sos1 construct containing all contiguous domains but the C-terminal PR domain was recently solved to high resolution [15] . However, structural insights into the ability of the PR domain to adopt a well-defined conformation, or lack thereof, would further our understanding of how Sos1 mediates RTK signaling. Herein, using a battery of biophysical tools, we provide evidence that the PR domain of Sos1 is structurally disordered and adopts an extended random coil-like conformation in solution. Given that many intrinsically unstructured proteins undergo folding in the presence of their cognate ligands [16] [17] [18] [19] [20] [21] [22] , the possibility that the PR domain may also adopt a well-defined conformation upon binding to its ligands cannot be ruled out.
Materials and methods

Sample preparation
The PR domain (residues 1141-1300) of human Sos1 was cloned into pET30 bacterial expression vector with an N-terminal sequence containing an His-tag (HHHHHH) and an enterokinase cleavage site (DDDDK) using Novagen LIC technology ( Fig. 1a and b) . Additionally, a tryptophan (W) residue was added to both the N-and C-termini of the PR domain to aid in the quantification of protein concentration using spectrophotometry. The recombinant protein was expressed in Escherichia coli BL21* (DE3) bacterial strain and purified on a Ni-NTA affinity column followed by size-exclusion chromatography (SEC) on a Hiload Superdex 200 column using standard procedures as described previously [23] . Final yield was typically between 5 and 10 mg protein of apparent homogeneity, as judged by SDS-PAGE analysis (Fig. 1c) , per liter of bacterial culture. Notably, the molar mass of the PR domain was estimated to be around 26 kD on the basis of SDS-PAGE analysis. This is in an excellent agreement with the theoretical molar mass of 22 kD calculated from its amino acid sequence alone. Protein concentration was determined by the fluorescence-based Quant-It assay (Invitrogen) and spectrophotometrically on the basis of an extinction coefficient of 13,980 M −1 cm −1 calculated for the recombinant PR domain using the online software ProtParam at ExPasy Server [24] . Results from both methods were in an excellent agreement. The PR domain was dialyzed into a buffer of 50 mM sodium phosphate at pH 8.0 in the presence or absence of appropriate concentrations of urea or GuHCl prior to the conduct of all biophysical measurements described hereinafter. All measurements were repeated at least three times. It should be noted that the treatment of recombinant PR domain with enterokinase substantially reduced the yield of the protein due to partial digestion. Accordingly, all experiments reported herein were conducted on the recombinant PR domain containing non-native residues at both the Nand C-termini (Fig. 1b) . Importantly, while control experiments were also carried out on the cleaved construct to check that the non-native The non-native amino acid residues introduced during cloning at both the N-and C-termini of the PR domain are underlined for clarity. (c) SDS-PAGE analysis of the PR domain. Briefly, total bacterial lysate (LYS) was loaded onto a Ni-NTA column, the flow-through (FT) was collected and after elution from the Ni-NTA affinity chromatography (NAC) column, the recombinant protein was further purified to apparent homogeneity by size-exclusion chromatography (SEC).
residues did not alter the properties of the PR domain, the signalto-noise ratio obtained for these measurements was relatively poor due to low yield of cleaved protein.
Circular dichroism
Far-UV circular dichroism (CD) measurements were conducted on a Jasco J-815 spectropolarimeter thermostatically controlled at 25°C. All experiments were conducted on a 15 μM sample of PR domain alone and in the presence of varying concentrations of urea or GuHCl. Data were collected using a quartz cuvette with a 2-mm pathlength in the 190-250 nm wavelength range and with a slit bandwidth of 2 nm at a scan rate of 10 nm/min. Data were normalized against reference spectra to remove the contribution of appropriate buffers. Each data set represents an average of four scans acquired at 0.1 nm intervals. Data were converted to mean residue ellipticity, [θ] , as a function of wavelength (λ) of electromagnetic radiation using the following equation:
where Δθ is the observed ellipticity in mdeg, N is the number of residues within the recombinant PR domain, c is the concentration of recombinant PR domain in μM, and l is the cuvette pathlength in cm.
Dynamic light scattering
Dynamic light scattering (DLS) experiments were conducted on a Wyatt miniDAWN TREOS instrument equipped with a QELS dynamic light scattering detector, positioned at 90°with respect to the incident laser beam at a wavelength of 658 nm. All measurements were carried out under steady-state conditions on a 50 μM sample of PR domain alone and in the presence of varying concentrations of urea or GuHCl at 10°C. The time-dependence of DLS intensity fluctuation of PR domain under various conditions was collected for 30 min. The hydrodynamic radius (R h ) was calculated from the fit of DLS data using the regularization method according to the instructions embodied in the built-in ASTRA software. The R h values expected for the PR domain resembling a fully-folded globular conformation or a fully-denatured state were calculated using the following expression based on polymer theory [25, 26] :
where N is the number of amino acid residues within a polypeptide chain, while a and b are empirically-derived constants. For the fullyfolded globular proteins, the constants a and b respectively take up values of 4.75 Å and 0.29, while for the fully-denatured globular proteins, the constants a and b respectively take up values of 2.21 Å and 0.57 [27, 28] .
Small-angle X-ray scattering
Small-angle X-ray scattering (SAXS) analysis was conducted at the Beamline X9 of the National Synchrotron Light Source (NSLS) at the Brookhaven National Laboratory using the standard high throughput solution scattering setup at a photon energy of 13.5 keV [29] . Measurements were carried out on PR domain of Sos1 at protein concentrations of 100, 200 and 400 μM. Wide-angle and small-angle data were collected simultaneously from two detectors. The data were subsequently converted to 1D scattering profiles and merged and the background scattering was subtracted using the integrated pyXS software.
Molecular dynamics
Molecular dynamics (MD) simulations were performed with the GROMACS software [30, 31] using the integrated GROMOS96-53A6 [32] , AMBER99SB-ILDN [33, 34] , CHARMM-27 [35, 36] , or OPLS-AA [37, 38] force fields. Briefly, the PR domain of Sos1 was folded into a random-coil state using the QUARK server based on ab initio modeling. The QUARK server can be accessed online at http://zhanglab. ccmb.med.umich.edu/QUARK. Next, the random coil conformation of the PR domain was centered within a cubic box and hydrated with a water layer that extended 10 Å (box size) from the protein surface along each orthogonal direction using the extended simple point charge (SPC/E) water model [39, 40] . The total number of water molecules within the cubic box was~11,000 and the ionic strength of solution was set to 100 mM with Na + (21 cations) and Cl − (25 anions) ions. Additionally, basic (Arg/Lys) and acidic (Asp/Glu) residues within the PR domain carried a net charge of + 1 and − 1, respectively. The hydrated structure was energy-minimized with the steepest descent algorithm prior to equilibration under the NPT ensemble conditions, wherein the number of atoms (N), pressure (P) and temperature (T) within the system were respectively kept constant at~35,000, 1 bar and 300 K. The Particle-Mesh Ewald (PME) method was employed to compute long-range electrostatic interactions with a 10 Å cut-off [41] and the Linear Constraint Solver (LINCS) algorithm to restrain bond lengths [42] . All MD simulations were performed under periodic boundary conditions (PBC) using the leap-frog integrator with a time step of 2 fs. For the final MD production runs, data were collected every 10 ps over a time scale of 100 ns. All MD simulations were run on a Linux workstation using parallel processors at the High Performance Computing facility within the Center for Computational Science of the University of Miami.
Results and discussion
PR domain displays high propensity for structural disorder
It is now well recognized that non-polar residues such as proline and glycine as well as polar and charged residues such as serine, threonine, glutamine, glutamate, lysine and arginine display high propensity for structural disorder within proteins [43] [44] [45] [46] . Analysis of amino acid composition of the PR domain indeed suggests that these aforementioned residues constitute close to 75% of its primary sequence (Fig. 2a) . Importantly, the charged residues alone (D/E/K/R) constitute about 20% of the total amino acid content of the PR domain. Taken together, these observations strongly argue that the PR domain apparently bears rather high propensity for structural disorder. This notion gains further credibility in view of the fact that the PR domain is largely depleted of hydrophobic residues such as valine, leucine, isoleucine, methionine, phenylalanine, tyrosine and tryptophan that are commonly found in globular proteins. Accordingly, we next subjected the PR domain to various online disorder predictors to quantify the degree of such structural disorder (Fig. 2b) . Our in silico analysis reveals that the PR domain is intrinsically disordered with approximately 75% probability.
PR domain harbors structural feature characteristic of a random coil
To experimentally test the notion that PR domain of Sos1 likely harbors structural disorder, we next conducted far-UV CD analysis on the PR domain alone and in the presence of chemical denaturants such as urea and GuHCl (Fig. 3) . Our data show that the far-UV CD spectrum of the PR domain is characterized by a negative band centered around 208 nm in the absence of denaturants (Fig. 3a and b) . This strongly suggests that the PR domain predominantly adopts a random coil-like conformation in solution though the possibility of some degree of polyproline II (PPII) helices cannot be completely ruled out. Strikingly, Prediction of intrinsic disorder within the PR domain using DISEMBL [82] , IUPRED [83] , PONDR [43] and RONN [84] . Note that these disorder predictors can be accessed online at http://www.disprot. org/predictors.php. the spectrum of the PR domain undergoes substantial changes with increasing concentration of denaturants. Firstly, the negative band not only undergoes a reduction in spectral intensity but also becomes redshifted to around 215 nm with increasing denaturant concentration. Secondly, increasing denaturant concentration results in the appearance of a positive band around 225 nm. Such spectral features are frequently observed and well-documented for proline-rich peptides and proteins harboring PPII-helical conformation [47, 48] . Notably, a plot of change in spectral intensity at 225 nm, [θ] 225 , as a function of denaturant concentration follows a hyperbolic trend, increasing linearly at lower concentrations of denaturants and then slowly plateauing out at saturating concentrations (Fig. 3c) . Taken together, these salient observations suggest that the PR domain assumes PPII-helical conformation in the chemically-denatured state. This notion is further corroborated by the fact that the PPII-helices constitute a major component of proteins in their denatured states [49, 50] . Importantly, we believe that the PPII-helices in the denatured state of PR domain may also be aided by the trans-cis isomerization about the X-Pro bonds in the presence of denaturants. It is noteworthy that the proline largely exists in cis-conformation in the denatured state of proteins and that cis-trans isomerization is a rate-limiting step in the folding of prolinecontaining proteins [51] [52] [53] . In short, our far-UV CD data indicate that while the PR domain of Sos1 adopts a native random coil-like conformation in solution, it is highly malleable to chemical denaturants that trigger a structural transition to a denatured state harboring a substantial amount of PPII-helices. Importantly, while the PR domain of Sos1 may lack intrinsic structure, the possibility that it may also adopt a welldefined conformation upon binding to its ligands cannot be ruled out. It is indeed well-documented that many intrinsically unstructured proteins undergo folding upon ligand binding [16] [17] [18] [19] [20] [21] [22] .
Urea
Chemical denaturants have little or no effect on the size of PR domain
In order to test whether the overall size of the PR domain of Sos1 is consistent with a random coil conformation and to what extent chemical denaturation affects its overall size, we measured the hydrodynamic radius (R h ) of the PR domain alone and in the presence of urea and GuHCl using DLS (Fig. 4) . Strikingly, our analysis shows that the denaturants have little or no effect on the hydrodynamic radius of the PR domain. It is generally believed that chemical denaturants exert their actions via weakening the interior hydrophobic forces that hold the core of globular proteins together by virtue of their ability to form hydrogen bonds with polar residues, thereby altering the structure of surrounding water molecules and culminating in the breaking of the hydrophobic collapse [54] [55] [56] [57] . In agreement with this model, chemical denaturants should be expected to result in the expansion of globular proteins [58] . However, the fact that the PR domain of Sos1 appears to lack a well-defined hydrophobic core reminiscent of globular proteins (Fig. 2a) , its ability to resist the action of chemical denaturants on its size should not therefore come as a surprise. Importantly, the expected hydrodynamic radii for the PR domain resembling a fully-folded globular conformation and a fully-denatured state were respectively calculated to be 21 Å and 40 Å using Eq. (2). Accordingly, our hydrodynamic data further substantiate the notion that the PR domain likely adopts a random coil-like conformation in solution.
PR domain adopts an extended random coil-like conformation
To shed light on the overall three-dimensional conformation of the PR domain of Sos1, we next conducted SAXS analysis at three different protein concentrations (Fig. 5) . Notably, the SAXS analysis correlates the scattering intensity (I) of atoms to the scattering vector (q), which is defined as q = (4πsinθ/λ), where θ is the scattering angle and λ is the wavelength of the X-ray incident beam. Our SAXS analysis shows that the scattering profiles follow similar trends for all three protein concentrations (Fig. 5a) , implying that the inter-particle scattering is similar within this concentration range. Consistent with this observation, the radius of gyration (R g ) calculated from the slopes of Guinier plots at low scattering angles is around 47 Å at all three protein concentrations (Fig. 5b) . In light of the fact that hydrodynamic radius (R h ) of the PR domain calculated from our DLS analysis is 37 Å (Fig. 4) , we obtained a shape factor (ρ = R g /R h ) of 1.3. A value of ρ greater than unity implies that the PR domain most likely adopts an elongated shape in lieu of a compact conformation. In order to directly obtain shape information from our SAXS measurements, we also generated Kratky plots (Fig. 5c) . For a compact globular conformation, the Kratky plot initially rises at low scattering angles and then descends at higher scattering angles carving out a hump or bell-shaped curve [59] . Strikingly, the Kratky plots for the PR domain at all three concentrations initially rise at low scattering angles but then plateau out at higher scattering angles. Such behavior is consistent with an extended random coil-like conformation characteristic of protein devoid of a globular structure [59] . Notably, the molar mass of the PR domain was estimated to be around 28 kD from our SAXS data. Given that the theoretical molar mass of PR domain calculated from its amino acid sequence alone is 22 kD, our SAXS analysis indicates that the PR domain largely exists as a monomer in solution in agreement with our previous static light scattering measurements [23] .
In short, our SAXS analysis suggests that the PR domain is likely to adopt an extended random coil-like conformation in solution.
PR domain samples a highly dynamic conformational basin
The data presented above are based on experimental techniques that probe the average behavior of large ensembles of the PR domain of Sos1 in lieu of any specific conformation. In particular, such bulk measurements do not provide information on the conformational space available to the PR domain. In an attempt to uncover the conformational dynamics in terms of the ϕ and ψ torsion angles respectively sampled by the backbone N\Cα and Cα\C bonds, we conducted MD simulations starting with a random coil state of the PR domain using GROMOS96-53A6 [32] , AMBER99SB-ILDN [33, 34] , CHARMM-27 [35, 36] , or OPLS-AA [37, 38] force fields. Fig. 6 shows Ramachandran plots obtained for proline and non-proline residues within the PR omain at various time points during such simulations using the GROMOS96-53A6 force field. Unsurprisingly, the ϕ and ψ torsion angles of both the proline and non-proline residues within the random coil state of the PR domain sample a large conformational basin within the Ramachandran plot ( Fig. 6a and b) . Interestingly, such torsional space does not appear to become substantially restricted after 10-ns in the course of MD simulations. Moreover, this behavior does not substantially change as the simulation time is increased to 100 ns, particularly for the non-proline residues. Importantly, the fact that the ϕ-ψ torsional space for proline residues within the PR domain becomes somewhat more restricted compared to non-proline residues with increasing simulation time should be expected due to the rigidity of the pyrrolidine ring of proline residues. It should be noted that the highly dynamic fluctuation of non-proline residues within the PR domain on the Ramachandran plot is also observed in the case of the three other force fields used (data not shown). In particular, our MD simulations suggest that the non-proline residues within the PR domain sample the ϕ-ψ torsional geometries reminiscent of all four major secondary structural elements: right-handed α-helix ((ϕ,ψ) ≈ (−60°, −45°)), β-sheet ((ϕ,ψ) ≈ (− 135°,+135°)), PPII helix ((ϕ,ψ) ≈ (− 75°,+150°)), and left-handed α-helix ((ϕ,ψ) ≈ (+ 60°,+60°)). Taken together, our MD analysis suggests that the PR domain displays backbone conformational dynamics expected of a highly fluctuating random coil-like conformation in agreement with the data from our bulk measurements. Importantly, such conformational characteristics of the PR domain are consistent with the highly fluctuating ensemble of rapidly interconverting conformations observed for structurally disordered proteins [60] [61] [62] [63] . Nonetheless, it should be borne in mind that we did not conduct MD analysis starting with a random coil conformation of an otherwise fully-folded globular protein of similar size to compare its backbone conformational dynamics to the PR domain. However, we anticipate that the conformational space available to a folded globular protein would be much more restricted than that observed for the PR domain.
Conclusions
One of the basic tenets of structural biology is that all proteins must take up a three-dimensional structure in order to attain biological function. Indeed, structure-function relationships in proteins form the basis of specificity and fidelity in virtually all cellular processes central to driving life at molecular level. Yet, developments over the past decade or so indicate that a growing number of proteins, usually interspersed with proline-rich segments as well as polar and charged residues, are intrinsically unstructured or structurally disordered [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] . Importantly, while such structurally disordered proteins orchestrate a plethora of signaling cascades driving cellular functions ranging from growth and motility to apoptosis and immunity [72] , our understanding of the structural landscape that they sample remains hitherto poorly understood. Toward this goal, our data presented herein suggest that the PR domain of Sos1 is intrinsically unstructured and adopts an overall random coil-like conformation. Moreover, the PR domain appears to be conformationally dynamic in a manner akin to the conformational flexibility of structurally disordered proteins [60] [61] [62] [63] . We believe that the rapidly fluctuating nature of the PR domain is functionally advantageous in that it allows it to recognize a variety of different ligands such as Grb2 and Abi1 among others in the context of RTK signaling [1] [2] [3] [4] [5] [6] [7] .
It would be fitting to add here that while the PR domain of Sos1 may lack intrinsic structure, the possibility that it may also adopt a well-defined conformation upon binding to its ligands cannot be ruled out. It is indeed well-documented that many intrinsically unstructured proteins undergo folding in the presence of their cognate ligands or in response to osmolytes. In the ligand-induced mechanism, the folding of intrinsically unstructured proteins to a stable globular structure is coupled to the binding of a ligand [16] [17] [18] [19] [20] [21] [22] . The free energy released upon ligand binding essentially lowers the free energy of the folded state, thereby shifting the equilibrium in favor of the globular structure. Importantly, such energetic coupling is believed to augment the rate of ligand binding by virtue of the fact that the greater capture radius of intrinsically unstructured proteins enables them to sample a much larger space so as to reduce the dimensionality of the search for their partners [74] . On the other hand, osmolyte-induced folding is driven by changes in the polarity of the surrounding solute molecules [75] [76] [77] [78] [79] . This effectively raises the free energy of the unfolded state higher than that of the folded state, leading to thermodynamic stabilization of the latter. In a manner that hydrophobic effect drives the folding of hydrophobic regions in globular proteins, the osmophobic effect may also drive the folding of intrinsically unstructured proteins. Notably, the osmophobic effect arises from the unfavorable interaction of osmolytes with the backbone atoms of the protein so as to thermodynamically destabilize the unfolded state [80, 81, 76] . Importantly, many of these osmolytes, such as TMAO, are found within living cells where they play a key role in the maintenance of native conformations of proteins against denaturing effects of environmental stresses such as urea [75, 81] . Accordingly, the ability of these osmolytes to induce folding of what appears to be intrinsically unstructured proteins is physiologically relevant.
In sum, our study establishes that the PR domain of Sos1 lacks a well-defined intrinsic structure and that such virtue is likely to be of central importance to its physiological function. a b Fig. 6 . Ramachandran plots obtained for proline (a) and non-proline (b) residues within the random-coil state of the PR domain of Sos1 before ( ) and after being subjected to MD simulations for 10 ns ( ) and 100 ns ( ) using the GROMOS96-53A6 force field [32] .
